Abstract-The capability to overcome terrain irregularities or obstacles, named terrainability, is mostly dependant on the suspension mechanism of the rover and its control. For a given wheeled robot, the terrainability can be improved by using a sophisticated control, and is somewhat related to minimizing wheel slip. The proposed control method, named torque control, improves the rover terrainability by taking into account the whole mechanical structure. The rover model is based on the Newton-Euler equations and knowing the complete state of the mechanical structures allows us to compute the force distribution in the structure, and especially between the wheels and the ground. Thus, a set of torques maximizing the traction can be used to drive the rover. The torque control algorithm is presented in this paper, as well as tests showing its impact and improvement in terms of terrainability. Using the CRAB rover platform, we show that the torque control not only increases the climbing performance but also limits odometric errors and reduces the overall power consumption.
I. INTRODUCTION On the 26th of April 2005 (SOL 446
1 ), one of the two Mars exploration rovers (MER) of NASA, Opportunity, got almost stuck in a sand dune in Meridiani Planum. On the 12th of May 2009 the other MER, Spirit, got trapped at his turn and was retasked as a "stationary research platform". These examples show how fatal wheel slip can be for autonomous rovers and how important it is to control an exploration rover as well as possible to lower the potential risks. Minimizing slip, or maximizing the rover traction is also related to the rover capability to negotiate the terrain irregularities named terrainability [1] . This rover property is influenced mostly by two aspects one can act upon; the kinematics of its suspension system and how well its actuators are controlled. The topic of optimal control for a rough-terrain rover lies in the main focus of the work presented here.
A. Related Work
For wheeled rough terrain robots, enhanced performances can be obtained by maximizing the traction [2] . This allows getting the maximum from a rover in terms of obstacle climbing capability or minimizes its risk of getting stuck. This method can also be formulated as minimizing slip, which also improves odometry, and therefore, has a double positive impact on the rover performance. In this sense, several algorithms have been proposed, such as [3] . In this case, the wheel velocities are synchronized in order to avoid them fighting each other. Although this approach is proven to be efficient, its impact is limited as it considers only the velocities of the wheels. In fact, this method as well as similar ones does not take into account the kinematics or the physical model of the rover and thus their results are expected to be limited in challenging terrain. [4] presents a control methodology which can minimize power consumption in relatively flat terrain and maximize traction in highly uneven terrains. As this work concerns the 2D case only, an extension to a 3D model was proposed in [5] . The resulting controller was then tested in simulation in [6] for the SOLERO [7] rover. Although this showed very good results in terms of slippage, this approach was unfortunately not implemented and tested on real hardware, mainly due to a lack of appropriate sensors. Finally, let us also mention [8] as other works which model the slippage according to the terrain to correct it. The approach is really efficient to reduce the rover slippage, but is complementary to our own and does not necessarily improve the terrainability.
B. Content
In the context of a pre-study for the European Space Agency (ESA) project Exomars [9] , the development of a new robotic platform called CRAB [10] , depicted in Fig. 1 , offered a new opportunity to pursue the idea of implementing and testing this controller. This paper describes the required development of the CRAB rover, as well as the torque control impact. The following section gives an overview of the torque control. Section III presents briefly the CRAB and its model. The next section focuses on the sensors providing the state of the rover, and especially the CRAB's tactile wheels. Section V presents the results and a conclusion ends the paper. Its effect is depicted by the blue curve in the bottom graphic of Fig. 8 . Note also that the position of the wheel with respect to the obstacle in both cases can be observed in Fig. 9 . To summarize, the tactile wheel provides at 10 Hz a wheel ground contact angle, which is required for the torque control.
V. EXPERIMENTAL RESULTS
A test environment was set up to develop, test, and compare the torque control algorithm. This set up as well as the results are discussed below.
A. Setup
The test terrain has a sinusoidal shape where the left and right side are out-of-phase by 180
• (Fig. 10) . The bumps are scaled to reach a maximum height of 0.12 m which is slightly more than a wheel radius. This terrain was selected because it represents a highly uneven terrain in which good control is expected to have a major impact on the performance if conditions are difficult, i.e., if the friction coefficient is low and the wheels are likely to slip. In order to change the friction coefficient between the wheel and the ground, the wheels are covered with "socks", as depicted in Fig. 6 . Thus, the friction coefficient is tuned by adding tape with different gliding properties around the wheels.
The rover is tested on the described track with the two control types, simple velocity control and the presented torque control. The tests are done with static friction coefficients µ 0 of 0.35, 0.55 and 0.75 and the speed of the rover is set to 0.1 m · s −1 . The length of the test terrain is approximately 2.4 m. One test run consists of moving once across the track from one side to the other. Several runs (4 to 7) are done for each controller and the averaged measurements are then compared.
B. Results
The main performance criterion in this analysis is slip. This choice is motivated by the fact that several aspects of a rover mission demand for as little slip as possible. Navigation is more accurate if the rover does not slip; since slipping wheels do not contribute to the rover's movement, slip is a loss of energy; potential slip increases the risk of an operation failure due to loss of control of the vehicle.
There are two situations where slip occurs: the wheels are fighting each other due to uneven terrain or different commanded wheel velocities; the applied torque is too high and the ground cannot sustain the created traction. Torque control tries to avoid the latter by assigning bigger torques on wheels where the load is bigger because more traction can be generated. For the experiments, the slip per wheel is determined by subtracting the measured traveled distance from the encoder value of the respective motor. The traveled distance is determined by measuring the distance between start-and endpoint of the wheels. This approach to determine the slip only takes the total traveled distance into account. Local slippage, such as sliding when the wheel is moving up and down the obstacles compensates itself in the final calculation. This approach describes consistently the overall behavior and is therefore a valid measure to evaluate and compare the performance of both controllers.
In summary, the performance metrics applied for the hardware experiments are:
• Absolute slip per wheel s a = λ − d, where d is the measured traveled distance and λ is distance based on the encoders value.
• Torque T with mean value of a full run T . The numerical results for s a and T are given in Tables III  and IV for both types of control and all friction coefficients.
C. Discussion
In terms of slippage the torque control approach performs better than velocity control in slippery conditions. For a high friction coefficient the difference between the controllers diminishes, as depicted in Fig. 11 . In other words, the more traction is provided by the ground, the less important is the optimal choice of wheel torques.
The slip values suggest that the gain through torque control is limited to slippery surfaces. However, the T values point out another problem of velocity control. As depicted in Fig. 12 , even in uncritical conditions, µ = 0.75, T is considerably higher in velocity control mode, 1.51 N m compared to 1.05 N m. This is linked to the fact that the control is unsynchronized across the rover. The controller of each wheel tries to reach the commanded speed regardless of the action of the other controllers. This can lead to situations where wheels are fighting against each other, i.e., one wheel is pushing while the other one has to brake in return. In contrast, there is only one PID controller for the torque control algorithm and minimizing the error between desired and actual velocity can be regarded as a common effort. If the rover is too slow, all torques are increased; if the rover is too fast, all torques are reduced. Only the amount by which the torque is varied depends on the normal force on each wheel. These two distinct behaviors explain the difference in performance with respect to T . Furthermore, due to the minimized slippage, no torque is wasted for unnecessary corrections of the wheels when slipping.
VI. CONCLUSION AND OUTLOOK
The implementation and the results of an enhanced controller based on an optimal torque distribution are presented in this paper. A rover model provides the basis to compute the optimal torques which minimize slip on the rover's wheels. The controller itself uses the optimally distributed torques and adds a correction term based on the rover's velocity.
The controller was implemented on a rough-terrain rover called CRAB. The hardware has to provide all the necessary information which describes the rover's state. The sensors necessary, including the tactile wheel, are presented in this paper. The tactile wheel is based on a flexible wheel whose deformation is measured to provide the wheel-ground contact angle. The controller is evaluated and compared to a standard velocity controller. It shows very good results as the torque based controller has reduced slip and torque values for all tested friction coefficients.
The next step of the work lies in the evaluation of the approach in a realistic environment. The torque control approach should lead to a better terrainability and smaller energy consumption in a real outdoor environment. Hence the model should be improved to handle the wheel sinkage as well as more complex trajectories for the rover.
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